1. Introduction {#sec1}
===============

Inflammation is associated with disease progression and, by largely unknown mechanisms, has been said to lead to drive oncogenesis. At inflamed sites, neutrophils deploy a potent antimicrobial arsenal that includes proteinases, antimicrobial peptides, and ROS \[[@B1]\]. Although ROSs are potently antimicrobial by virtue of their ability to kill microbial pathogens, in chronic inflammation, the continued production of ROS by neutrophils causes extensive tissue damage. Traditionally, this has been considered as random damage to cellular components \[[@B2]\]. Recently, ROSs have emerged as signal transduction molecules \[[@B3], [@B4]\].

In inflammatory cells, ROSs contribute to the expression of a variety of different inflammatory cytokines, adhesion molecules, and enzymes by activating redox-sensitive transcription factors such as nuclear factor-kB (NF-kB) or the AP-1 pathway \[[@B3], [@B5], [@B6]\]. In human monocytes, IL-8 production is induced by ROS, including by H~2~O~2~ via Erk-activated NF-kB \[[@B6]\].

Moreover, metal ion, such as iron, may take part in an important role in IL-8 production. The levels of iron in the cell seem to be delicately balanced, as iron loadings lead to free radical damage by the Fenton reaction \[[@B3]\]. In this study, our experiments were designed to determine the role of metal ions in the production of IL-8 by epithelial cells treated with ROS.

IL-8 has a molecular weight of 8.5 kDa and is of clinical significance in oral cancer diagnosis \[[@B7]\]. Oral cancer, the sixth most common cancer in the world, comprises the largest number of cancers in the head and neck category. The survival rate of oral cancer patients is 60%--80% when detected during its early stages; however, this number drops to 30%--40% when the cancer is diagnosed during advanced stages \[[@B8]\]. Identifying molecular markers of early disease can aid in its early diagnosis, which can improve the prognosis \[[@B9]\]. IL-8, as a salivary biomarker for early-stage oral squamous cell carcinoma (OSCC), was discovered through tissue-based expression profiling \[[@B7], [@B10]\]. Moreover, IL-8 plays a pivotal role in tumor angiogenesis \[[@B11], [@B12]\]. Fujimoto et al. reported a significant correlation between microvessel counts and interleukin- (IL-)8 levels in uterine cervical cancer \[[@B13]\].

Herein, we show that iron controls H~2~O~2~-induced chemokine expression in epithelial cells. In HeLa cells, hydrogen peroxide (H~2~O~2~) causes iron oxidation and amplifies Erk signaling. This elicits the expression of the chemokine interleukin-8 (IL-8).

2. Methods {#sec2}
==========

2.1. Reagents {#sec2.1}
-------------

EGTA, PD98059 (p44/42 MAPKK inhibitor) and *o*-phenanthroline were purchased from Sigma-Aldrich (St Louis, MO, USA).

2.2. Cell Culture {#sec2.2}
-----------------

The human cervical cancer cell line HeLa was routinely cultured in RPMI 1640 (Gibco) medium supplemented with 5% fetal bovine serum (Sigma), 40 units/mL penicillin, and 40 mg/mL streptomycin at 37°C under 5% CO~2~. Serum starvation was achieved by incubation in RPMI medium containing 0.5% fetal bovine serum for at least 16 hours prior to the direct addition of H~2~O~2~ to this culture medium. To observe the effect of Erk pathway inhibitors and agents to chelate Fe^2+^ on the secretion of IL-8 by HeLa cells, *o*-phenanthroline (0.2 mM), and mannitol (100 mM) were added to the culture medium 45 minutes before the direct addition of H~2~O~2~. Following further culturing for 12 hours, the supernatants from HeLa cells were collected and analyzed.

2.3. RT-PCR {#sec2.3}
-----------

Total RNA was extracted using Trizol (Invitrogen). The reverse-transcription of RNA to cDNA was performed using the RNA LA PCR Kit (TaKaRa). Expression levels of IL-8 and GAPDH mRNA in the HeLa cells were determined by RT-PCR using specific primers (invitrogen): 5′-CTGATTTCTGCAGCTCTGTG-3′ (sense) and 5′-TTCACTGGCATCTTCACTG-3′ (anti-sense) for IL-8, and 5′-CAGGGCTGCTTTTAACTCTG-3′ (sense) and 5′-GATGATCTTGAGGCTGTTGTC-3′ (anti-sense) for GAPDH. Temperature cycles were as follows: 94°C for 1 minute, followed by 28 cycles at 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 35 seconds for CXCL8, and 20 cycles at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 35 seconds for GAPDH. The primers used for real-time PCR are 5′-ACTCCAAACCTTTCCACCC-3′ (sense) and 5-AAACTTCTCCACAACCCTCTG-3′ (antisense) for IL-8, and 5-GAAGGTGAAGGTCGGAGTC-3′ (sense) and 5′-GAAGATGGTGATGGGATTTC-3′ (antisense) for human GAPDH mRNA. SYBR Green PCR master mixes on the 7000 real-time PCR system (Applied Biosystem).

2.4. Western Blot Analysis {#sec2.4}
--------------------------

We determined Erk activation, by Western blotting with mouse monoclonal phospho-Erk1/2-specific antibody (Cell Signaling) using the ECL system (Amersham Pharmacia Biotech). Cells were washed once with PBS and lysed in TNE lysis buffer (10 mM Tris-HCl (pH7.8), 150 mM NaCl, 1 mM EDTA, and 1% NP40 ) supplemented with a protease and phosphatase inhibitor cocktail (Roche) for 10 minutes on ice. After centrifugation at 15,000 rpm for 10 minutes, lysates were subjected to 10% SDS-PAGE and electrotransferred onto a nitrocellulose membrane. The total amount of Erk2 was detected by using mouse monoclonal Erk2-specific antibody (Santa Cruz Biotech).

2.5. Determination of IL-8 Concentration {#sec2.5}
----------------------------------------

We determined the concentrations of IL-8 from HeLa cells by ELISA according to the manufacturer\'s instructions (Biolegend).

2.6. Statistical Analyses {#sec2.6}
-------------------------

All data are expressed as means ± s.e.m. We accumulated data for each condition from at least three independent experiments. We evaluated the significance using Student\'s *t*-test for comparisons between two mean values. We carried out multiple comparisons between more than three groups with ANOVA followed by the Tukey-Kramer test.

3. Results {#sec3}
==========

3.1. H~2~O~2~ Activates ERK and Induces IL-8 Expression {#sec3.1}
-------------------------------------------------------

Guyton et al. previously demonstrated that H~2~O~2~ activated Erk2 based on the direct measurement of kinase activity by employing the immune complex kinase assay \[[@B4]\]. However, based on other reports showing that Erk1 is more strongly activated than Erk2 after treatment with H~2~O~2~ \[[@B6]\], we would expect Erk1 to be a more activated kinase in our system in the presence of same stimulation, as described in other reports. To observe Erk activity, we assessed the level of phospho-Erk after H~2~O~2~ treatment. As shown in [Figure 1(a)](#fig1){ref-type="fig"}, H~2~O~2~ stimulated the rapid and transient phosphorylation of Erk in HeLa cells. Erk activation was induced by H~2~O~2~ within 5 minutes for Erk2 and 10 minutes for Erk1, reaching maximum levels after 10--20 minutes ([Figure 1(a)](#fig1){ref-type="fig"}). A rapid inactivation of ERK2 then took place, with a return to basal Erk2 levels occurring within 60 minutes of H~2~O~2~ exposure. Unexpectedly, Erk2 becomes more phosphorylated than Erk1 in HeLa cells after H~2~O~2~ treatment.

In epithelial cells, ROSs contribute to the expression of a variety of different inflammatory cytokines by activating redox-sensitive transcription factors such as AP-1 \[[@B5]\]. We investigated the effect of H~2~O~2~ on the expression of IL-8. As shown in [Figure 1(b)](#fig1){ref-type="fig"}, H~2~O~2~ treatment stimulated a transient but marked increase in the mRNA expression of IL-8.

3.2. Effect of Erk Activation on IL-8 Production following H~2~O~2~ Exposure {#sec3.2}
----------------------------------------------------------------------------

In HeLa cells, treatment with H~2~O~2~ induced the mRNA expression of IL-8 ([Figure 1(b)](#fig1){ref-type="fig"}). In further experiments, we used ELISA to measure the IL-8 concentrations in culture supernatants from HeLa cells treated with H~2~O~2~. Consistent with previous reports, IL8 mRNA expression and secretion were suppressed by the Erk pathway inhibitor PD98059 ([Figure 2](#fig2){ref-type="fig"}) \[[@B14]--[@B16]\]. These results show that the Erk pathway controls H~2~O~2~-induced IL-8 production in HeLa cells.

3.3. Role of Free Radicals in Initiation of Erk Signaling and IL-8 Production Caused by H~2~O~2~ {#sec3.3}
------------------------------------------------------------------------------------------------

The chemical signal generated by H~2~O~2~ that initiates the ERK cascade was also investigated. The iron chelator *o*-phenanthroline effectively inhibited ERK activation caused by H~2~O~2~ ([Figure 3(a)](#fig3){ref-type="fig"}), suggesting that metal-dependent reactions are required for kinase activation by H~2~O~2~. In the presence of metal ions, H~2~O~2~ can undergo conversion via dismutation reactions to other oxygen-derived free radical species, including the hydroxyl radical \[[@B17]\]. Indeed, mannitol, a free radical scavenger with specificity for hydroxyl radicals \[[@B4]\], also blocked H~2~O~2~-mediated ERK2 activation. Taken together, these results suggest that H~2~O~2~ undergoes metal-catalyzed conversion to a hydroxyl radical-like species, and that oxidation by this free radical initiates signal transduction leading to ERK activation by H~2~O~2~. In contrast, H~2~O~2~-induced ERK activation was unaffected by the calcium chelator, EGTA.

Fe^2+^ ion has been implicated in the activation of the Erk pathway. Therefore, it was considered possible that Fe^2+^ ion transduces the regulation of H~2~O~2~-induced IL-8 secretion. To address this, we investigated whether the depletion of Fe^2+^ reduced IL-8 secretion from HeLa cells treated with H~2~O~2~. HeLa cells were treated with 200 *μ*M of *o*-phenanthroline or cultured in serum starved medium for 45 minutes prior to H~2~O~2~ exposure. H~2~O~2~-induced IL-8 production in HeLa cells was inhibited by the removal of Fe^2+^ ([Figure 3(b)](#fig3){ref-type="fig"}), suggesting that Fe^2+^ ion is key in H~2~O~2~-induced IL-8 production.

Taken together, these results indicate that the levels of IL-8 produced by HeLa cells are predominantly controlled by the oxidative pathway.

Surprisingly, *o*-phenanthroline itself induced IL-8 secretion. So, we concluded that iron balance is very important for IL-8 production.

4. Discussion {#sec4}
=============

It has been postulated that chemokine production by monocytes in response to H~2~O~2~ requires Erk pathway activation via Ca^2+^ channel-mediated Ca^2+^ influx \[[@B6], [@B18]\]. However, our studies on epithelial cells seemed to indicate no inhibitory effect on Erk pathway activation after the removal of extracellular Ca^2+^ on treating HeLa cells with H~2~O~2~. In this study, we examined the inhibitory effects of other metal ion chelators on IL-8 production in epithelial cells in response to H~2~O~2~, with the aim of elucidating the nature of the hydroxyl radical reaction. Thus, by varying the metal ion chelator, we can obtain new insights into role of other metal ions in chemokine production. Furthermore, these studies have important implications regarding optimal parameters for oral cancer screening \[[@B19]\].

Under conditions in which H~2~O~2~ is maintained at a relatively low level (250 *μ*M), it did not induce cell death, as described in other reports \[[@B6], [@B20]\]. The primary determinant of chemokine production is Erk activation, and, hence, HeLa cells express mRNA of IL-8 on H~2~O~2~ treatment. However, it is likely that the nature of Erk pathway activation, such as Erk1 or Erk2 specificity, slightly differs between monocytes and HeLa cells.

Under conditions in which monocytes are exposed to H~2~O~2~, Ca^2+^ influx occurs through Ca^2+^ channels, and, as a result, the Erk pathway, especially Erk1, is activated \[[@B6]\]. After the removal of Ca^2+^ using EGTA, Erk1 activation with H~2~O~2~treatment is inhibited in monocytes \[[@B6]\]. On the contrary, when HeLa cells are exposed to H~2~O~2~ at the same level (250 *μ*M), the Erk pathway, especially Erk2, is activated.

We predicted that the suppression of IL-8 transcription inhibits the subsequent steps in IL-8 secretion. To test this, we pretreated H~2~O~2~-exposed HeLa cells with PD98059 and measured IL-8 secretion. Although the H~2~O~2~-exposed HeLa cells showed an increase in IL-8 secretion, this secretion was significantly inhibited in PD98059-treated HeLa cells. These results support the proposal that Erk mediates IL-8 secretion.

In an effort to define the mechanism by which H~2~O~2~ regulates chemokine production, we examined the inhibitory effect of metal ion chelators on Erk pathway activation. Whereas EGTA showed no inhibitory effect on Erk pathway activation in HeLa cells, the level of phospho-Erk in HeLa cells pretreated with *o*-phenanthroline was markedly lower.

The crucial difference in experimental conditions between U937 monocytes and HeLa epithelial cells is the cellular character. In terms of the molecular expression pattern, such as receptors, these cells are very different. Epithelial cells express EGFR, which is capable of being activated by H~2~O~2~ \[[@B21], [@B22]\]. Conversely, monocytes do not express EGFR. Consequently, the H~2~O~2~ receptor may be different between monocytes and epithelial cells.

We subsequently examined the inhibitory effect of *o*-phenanthroline on IL-8 production in HeLa cells. IL-8 production was upregulated in H~2~O~2~-treated HeLa cells. In contrast, its production was significantly downregulated in H~2~O~2~-treated HeLa cells with in comparison to those without*o*-phenanthroline. These results demonstrate that the *o*-phenanthroline-dependent downregulation of Erk pathway is sufficient to suppress IL-8 production in epithelial cells upon H~2~O~2~-mediated inflammation.

The iron balance is another key determinant in chemokine production. As Fe^2+^, iron is a stronger redox molecule than calcium, an effect that is likely mediated by an increase in the presence of iron. However, the shortage of iron affects the observed IL-8 production in very different ways. In the case of *o*-phenanthroline or DFO itself, a chelator for Fe ion, induced IL-8 production in epithelial cells \[[@B23]\]. The mechanism by which DFO or *o*-phenanthroline induces IL-8 production has remained unknown.

Inflammation is associated with disease progression. Recent reports have described an H~2~O~2~-independent role of metal ions in chemokine production in epithelial cells \[[@B5]\]. However, the role of the oxidative pathway in chemokine production has until now remained unknown. Herein, we have shown that H~2~O~2~-induced chemokine production in epithelial cells is increased owing in part to the H~2~O~2~-mediated oxidation of iron.

![Time course of the activation of Erk and IL-8 production by H~2~O~2~. (a) Activated Erk: phosphorylated Erk1/2 induced by 0.25 mM H~2~O~2~ at the indicated time points of treatment. (b) Expression levels of IL-8 mRNA induced by incubation with 0.25 mM at the indicated time points.](MI2009-183760.001){#fig1}

![Erk controls H~2~O~2~-induced IL-8 expression in HeLa cells. The inhibitory effect of PD98059 on H~2~O~2~-induced expression (0.25 mM) of IL-8 mRNA ((a) real-time PCR) and protein secretion ((b) ELISA). Data points are means ± s.e.m. \**P*\<.01 (*n* = 3).](MI2009-183760.002){#fig2}

![The role of free radicals in H~2~O~2~-mediated Erk2 activation and IL-8 production. (a) Mannitol (100 mM), *o*-phenanthroline (0.2 mM), or EGTA (2.5 mM) was added 45 minutes before direct addition of H~2~O~2~, and cells were harvested 15 minutes later for the analysis of p-Erk1/2 activity for the western blot. The inhibitors alone did not activate Erk1/2. (b) The inhibitory effects of *o*-phenanthroline on H~2~O~2~-induced expression (0.25 mM) of IL-8 protein secretion (ELISA) \**P*\<.01 (*n* = 3).](MI2009-183760.003){#fig3}
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